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One slide for Gravitational WavesSy{(GWs)

(see reviews in Kotake et al. (2006), Ott (2009), Fryer & New (2011), Kotake (2013))
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v CCSNe inour galaxy (=10 kpc) are the target of GWs

represents the degree of anisotropy.

What makes the SN-dynamics deviate
from Spherical symmetry ?
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v A dream of SN modellers is...
“To identify supernova
mechanisms via
GW/neutrino/EM observations ! ©

v/ CCSNe in‘our galax

(= o]gslcnjecnial=Ro @l v Theoretically, Need to
understand the explosion

What makes the SN-d physics/dynamics !
from Spherical symme|




Current Status: Two Candidate Mechanisms

Neutrino-heating mechanism

(Pioneered by Colgate & White (1966), Wilson(85)
see Marek & Janka 2009, Fernandez & Thompson 09
Ott+ 08, Bruenn+12,Suwa +09, Takiwaki + 12, 13)
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MHD mechanism

(Pioneered by Leblanc & Wilson (1970)
KK+04, 06 , Obergaulinger+06, Shibata
+06, Burrows + 07, Takiwaki & K r’[l)

fakiwaki & KK
" (2011), ApJ
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v Qualitatively: The evolution of the GW
spectrogram is similar between
2D and 3D.

(2D: B.Mueller+(13), Yakunin+(09),
e.g., Ott (2009), Kotake (2013) for
reviews)

: The GW amplitudes
in 3D (one-order-of
magnitude)
than in 2D.

KK, Takiwaki, Suwa in prep.
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Expected number of v _events at Super-K

from owr self~consistent 3D model
(Takwwaki et ali 2013 wn prep)

'/ ) SN ............ : -5-I\/|e\/-t-hlreshold

___________ N -------&-3D simulation is:
etelgeuse going an

--------- (TS|m300 ms)

||||||||||||||

...............

er- Kamlokandé\ \

[SuperKamiokande h(pnepa

1
10
BIEjel| v Typical horizon extends out to LMC.




MagnetoHydroDynamic (MHD) mechanism

(e.g., LeBlanc Wilson 1970, Symbalisty 1984, KK et al.04, Obergaulinger+08, Burrows+07, Shibata+06, Suwa+08)

/

rapid rotation (Po<4s)
strong magnetic fields
(Bo>10%" G) = jet-like explosions
Gravitational waveform from MHD explosion

15 "Bounce signals
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v Jets produce a quasi-monotonically
tnereasing GW component after bounce!
To accurately determine GWs near core (e.g, Obergaulinger et al. (2006) A&A)
bounce from rotationally-deformed
compact PNS, 3D full GR simulations
needed (e.g., Ott+07, see talk by Abdikamalov !)

(f cw<P0 Hz hard to detect limited by seismic noise)




GWs from rapidly rotating core:
3D full GR simulations with approximate v transport

Kuroda, KK, Takiwai (“12) ApJ
v/ The ray-by-ray approximation breaks down !
The Thorne’s moment formalism implemented (Shibata+11).
v Mesh-refinement approach (6x = 450-600m. Similar to Ott+13)
ond non~rotoftung 27 M, star
a, KK Jakiwakidn prep)

300km



Comparison between MHD vs. v-driven mechanism

GW spectrogram (Kuroda, Takiwaki, KK in prep)
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Identifying SN mechanisms from Hayama, Kuroda, Takiwaki, & KK
Coherent Network Analysis (2013a) in prep

v LIGOx2, VIGRO, KAGRA

KK+9 model Ae
KK+9 model Ap
KTK13 ROe
—KTKI12 Rip
KTK13 R2e
—KTKI13 R2p
—KTK13 R3e
—KTKI13 R3p
TK11 BIZX 101

. H?DMHD (rapid rotation)
MD MHD (mederate rotation)

/Method robust for MHD mechanlsm out tolO Kpc !
v Can identify v-driven mechanism out to ~4 kpc.
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Spectrogram of Newtrino- (v,) luminosity for non--rotating 27 M, star

(Kuroda, KK, Takiwaki in prep)
B IH i@
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ons (@&g., Luné et al. 12,

| Tah gli et al. 13)
\l (disappear in rapidly*rotating
i | Case) ! *.
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Coincident analysis of GWs and neutrinos: helpful to pin-down the SN mechanisms




Summary -
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MHD mechamsm (Py<~4s).

v/ The waveforms are different from models v Seen from equaf}EL e I waveforms
to models, because GWs from are generlcally obtal
convection/SASI are of a stochastic s .
nature governed by turbulent and o S

chaotic fluid motions, non-linear = A
hydrodynamics. AN )

v Toﬁ -__'EG\}V S|gnatures seen
v But more importantly, the explosion frOmig;%Llow T{|W| instability and
dynamics is “commonly” / /spil moqes lay a crucial role
imprinted in the GW spectrogram in both : GR S,Imulﬁtlon 'are needed !)

2D and 3D models.

out to ~10 kpc for the MHD mechanis

mechanism. =3k
v A coincident analysis with neutrinos will make the alse alarm rate smaller
(> one order of magnitude). (Hayama, KK et al. in prep)

3D full GR simulations including neutrino transport are running (now!),

which will update the theoretical predictions (very

“Coincident multi-messenger analysis will be the f
the long-standing supernova problem. “
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